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Mutagenesis Reveals a Role for ABP/GRIP
Binding to GluR2 in Synaptic Surface
Accumulation of the AMPA Receptor
and the d receptors (Seeburg, 1993; Hollmann and
Heinemann, 1994). The glutamate ionotropic receptors
are transmembrane protein complexes composed of
multiple subunits. The shared topology of these subunits
(termed AMPA GluR1-4 or GluR-A-D subunits; NMDA
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intracellularly positioned C terminus (Hollmann et al.,69120 Heidelberg
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of cytosolic proteins and the C termini of glutamate²Howard Hughes Medical Institute receptor subunits were recently proposed to be impor-
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New York, New York 10016 to cytoplasmic signaling molecules (Kornau et al., 1997;
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Several proteins were previously shown to interact
specifically with the C termini of the GluR2 and GluR3
AMPA receptor subunits. These include three PDZ pro-Summary
teins, ABP (AMPA Receptor Binding protein; Srivastava
et al., 1998), GRIP (Glutamate Receptor Interacting Pro-We studied the role of PDZ proteins GRIP, ABP, and
tein; Dong et al., 1997), and PICK1 (Protein InteractingPICK1 in GluR2 AMPA receptor trafficking. An epitope-
with C Kinase; Dev et al., 1999; Xia et al., 1999). Thetagged MycGluR2 subunit, when expressed in hippo-
two splice forms of ABP that contain either 6 or 7 PDZcampal cultured neurons, was specifically targeted to
domains (S. DeSouza and E. B. Z., unpublished data;the synaptic surface. With the mutant MycGluR2D1-10,
ABP 7 PDZ form was recently published as GRIP2 orwhich lacks the PDZ binding site, the overall dendritic
ABP-L/GRIP2: Bruckner et al., 1999; Dong et al., 1999;intracellular transport and the synaptic surface tar-
Wyszynski et al., 1999), and the 7 PDZ domain GRIP are
geting were not affected. However, over time, Myc- members of a novel sequence-related protein family.
GluR2D1-10 accumulated at synapses significantly GRIP PDZ4-5 domains and ABP PDZ5 domain show the
less than MycGluR2. Notably, a single residue substi- highest affinity for the GluR2/3 C terminus (Dong et al.,
tution, S880A, which blocks binding to ABP/GRIP but 1997; Srivastava et al., 1998). The remaining PDZ do-
not to PICK1, reduced synaptic accumulation to the mains of GRIP and ABP are likely to mediate additional
same extent as the PDZ site truncation. We conclude interactions, possibly anchoring the AMPA receptor to
that the association of GluR2 with ABP and/or GRIP cytoskeletal proteins or coupling the receptor to intra-
but not PICK1 is essential for maintaining the synaptic cellular enzymes. PICK1, which was cloned as a PKC-
surface accumulation of the receptor, possibly by lim- interacting protein, contains a single N-terminal PDZ
domain (Staudinger et al., 1997). When coexpressediting its endocytotic rate.
with GluR2 in heterologous cells, PICK1 induces GluR2
surface clustering and intracellular redistribution (DevIntroduction
et al., 1999; Xia et al., 1999).
Here we report that the GluR2 C-terminal 5 aminoBased on studies of other ion channels, such as the
acids (aa), which constitute the interaction site of ABP,nicotinic acetylcholine receptor (nAChR) and voltage-
GRIP, and PICK1, are essential for AMPA receptor stabi-gated K1 channel, the subunit assembly of the glutamate
lization at the synaptic plasma membrane. We discussreceptors is proposed to occur in the rough endoplasmic
the relation between synaptic targeting/insertion andreticulum (RER) in the neuronal cell body (Green and
surface stabilization and the relevance of ABP/GRIP ver-Millar, 1995). The assembled glutamate receptors are
sus PICK1 binding during the latter process.then transported to dendritic synaptic sites, a trafficking
process that results in selective targeting or retention
Resultsof the receptors at glutamatergic synapses (Takumi et
al., 1998; Wenthold and Roche, 1998).
The family of the glutamate ionotropic receptors con- To study the role of ABP, GRIP, and PICK1 in the traffick-
ing of AMPA receptors, we generated GluR2 constructssists of four subclasses: the a-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) receptors; the N-methyl- containing either complete truncation or point mutations
of the PDZ binding region of the C-terminal domain. WeD-aspartate (NMDA) receptors; the kainate receptors;
then assayed the effects of these mutations on intracel-
lular transport, synaptic targeting, and surface accumu-§ To whom correspondence should be addressed (e-mail: posten@
mpimf-heidelberg.mpg.de [P. O.], ziffe01@med.nyu.edu [E. B. Z.]). lation of the receptors in hippocampal primary cultures.
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Figure 1. Characterization of MycGluR2 Constructs for Assembly of AMPA Receptors
(A) Schematic drawing of the GluR2 C-terminal mutations. Top, wt C terminus (GluR2 aa 834±883) shows sites for NSF (aa 844±853) and PDZ
proteins ABP, GRIP, and PICK1 (aa 879±883). Deletion 1±10 lacks the last 10 aa, deletion 5±10 has the last 5 aa replaced to the 10 aa truncation.
Positions of single residue substitutions are shown in red: S880A in GluR2(EAVKI) and I883E in GluR2(ESVKE) sequence.
(B) Immunostaining and electrophysiology of HEK-293 cells transfected with (a) GluR2, (b) MycGluR2, and (c) MycGluR2D1-10 (all R607Q form
and flop [Sommer et al., 1990; Burnashev et al., 1992]). Intracellulary and surface-expressed receptors (red and green channel, respectively)
are shown in overlay images of single confocal z planes. Bar in (Bc) 5 10 mm. On the right are corresponding electrophysiological recordings
for each construct. Glutamate responses (1000 mM, 100 ms) were fast desensitizing, and kainate responses (300 mM, 100 ms) were nondesensi-
tizing at 260 mV. Steady-state I±V relations during kainate application (2120 to 160 mV, voltage ramps) and peak I2V relations of glutamate-
activated currents (2120 to 180 mV; data not shown) were inwardly rectifying.
(C) Western blot of HEK-293 cell lysates transfected as indicated. The lysates were precipitated with anti-GluR1 specific Ab. Top blot shows
precipitated proteins detected by anti-GluR1 Ab; bottom blot is reprobed with anti-GluR2 Ab recognizing the juxtamembrane region of the C
terminus.
In order to distinguish the exogenous receptors from with high single-channel conductance (Burnashev et al.,
1992), as opposed to the native R form, which is theendogenous GluR2 subunits in neurons, we inserted the
10 aa Myc epitope within the GluR2 N-terminal sequence form analyzed elsewhere in this study. All constructs
formed functional homomeric AMPA receptor channels(MycGluR2). The placement of the epitope tag in the
extracellular domain makes it available for Ab staining with typical characteristics for the GluR2(Q)-flop sub-
units (Figure 1B). We also found that there was no differ-under living conditions, allowing selective detection of
surface-expressed receptors. ence in the surface expression of these receptors, both
the Q and R form, in HEK-293 cells detected by selective
surface immunostaining of living cells (Figure 1B). Next,Deletion of the PDZ Binding Region of the GluR2
we tested the efficiency of heterooligomerization ofC Terminus Does Not Interfere with the Assembly
GluR2, MycGluR2, and MycGluR2D1-10 subunits withof Functional AMPA Receptors
GluR1 subunits by cotransfection in HEK-293 cells. AsThe C-terminal mutants generated from the MycGluR2
shown in Figure 1C, approximately the same amount ofsubunit are shown in Figure 1A. These include a 10 aa
GluR2, MycGluR2, or MycGluR2D1-10 was in complextruncation, termed MycGluR2D1-10, and a single residue
with GluR1 subunits immunoprecipitated by anti-GluR1substitution I883E, termed MycGluR2(ESVKE), which both
Ab. We conclude that neither the N-terminal insertionresult in complete loss of PDZ binding, as well as a single
of the Myc tag nor the deletion of the PDZ binding regionresidue substitution S880A, termed MycGluR2(EAVKI),
interferes with proper formation of GluR2-containingwhich results in a loss of ABP/GRIP binding while preserv-
AMPA receptor complexes.ing the PICK1 interaction (see below). As a first step,
we tested the effect of the Myc tag insertion and the
C-terminal truncation on the formation of functional MycGluR2 Receptors Expressed by Sindbis Virus
in Hippocampal Primary Cultures Are TargetedAMPA receptors. We determined the electrophysiologic
properties of the channels assembled by either GluR2, to the Synaptic Surface
In order to assess the trafficking of MycGluR2 AMPAMycGluR2, or MycGluR2D1-10 subunits in HEK-293
cells. For these experiments, we expressed the Q form receptors in neuronal cells, we infected cultured hippo-
campal neurons with Sindbis virus vectors expressingof GluR2 (R607Q), which forms homomeric channels
Surface Trafficking of the GluR2 AMPA Receptor
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Figure 2. Expression of MycGluR2 in Cultured Hippocampal Neurons
(A) Immunostaining of neurons infected with Sindbis virus expressing MycGluR2. Twenty-four hours postinfection, living neurons were immuno-
labeled with monoclonal anti-Myc Ab (green channel) to detect surface-inserted receptors. After fixation and permeabilization, polyclonal anti-
Myc Ab (red channel) was used to detect intracellulary expressed receptors. (Aa) shows cell body area, (Ab) distal dendrite; arrows point to
examples of spine-like structures with MycGluR2 surface labeling.
(B) Immunostaining of neurons infected as in (A). After fixation and permeabilization, the cells were stained with anti-Myc Ab to detect
MycGluR2 receptors (green channel, [a]) and anti-GluR1 Ab to detect endogenous GluR1 receptors (red channel, [b]). Projection of the
combined green and red fluorescence is shown in (c). Arrows point to examples of MycGluR2 and GluR1 colocalization in glutamatergic
spines. The images in (A) and (B) are simulated fluorescence process (SFP) projections of a stack of 0.08 mm separated confocal z planes
processed by deconvolution (see Experimental Procedures).
the MycGluR2 construct (see Experimental Procedures). while the intracellular MycGluR2 is equally distributed
in dendritic shafts and spines, MycGluR2 expressed onImmunodetection of the exogenously expressed recep-
tors was usually performed 24 hr postinfection. Mono- the surface is selectively present at the membrane of
glutamatergic spine heads.clonal anti-Myc Ab was used to detect MycGluR2 recep-
tors inserted at the plasma membrane of living infected
neurons. After fixation and permeabilization, polyclonal
anti-Myc Ab was used to detect intracellular Myc- The C-Terminal 5 aa PDZ Binding Region of GluR2
Is Essential for Surface Accumulationtagged receptors. As shown in Figure 2A, MycGluR2
receptors were detected on the surface in distinct clus- of MycGluR2 Receptors in Neurons
Having established that MycGluR2 receptors expressedters surrounding the cell body area and along dendritic
branches on synaptic-like spine heads (Figure 2A). In by the Sindbis system are targeted to the synaptic sur-
face, we next tested the expression of the MycGluR2order to confirm that the MycGluR2 positive spine-like
structures were glutamatergic dendritic spines, we com- C-terminal mutants. The cells were infected with normal-
ized titer for all constructs, which resulted in infectionpared the dendritic expression of MycGluR2 and endog-
enous GluR1. As shown in Figure 2B, MycGluR2 was efficiency of 5%±10% of neurons. In the first set of ex-
periments, we examined the dendritic transport and sur-strongly expressed both in dendritic shafts and in spine-
like structures (Figure 2Ba), while GluR1 was more face expression of MycGluR2D1-10 receptors that do
not bind the PDZ proteins ABP, GRIP, and PICK1. As astrongly expressed in spines (Figure 2Bb). In projections
of the images, all MycGluR2 spine-like structures were control, we used the MycGluR2D5-10 construct, which
was made from the MycGluR2D1-10 construct by resub-also positive for GluR1, identifying them as glutama-
tergic dendritic spines (Figure 2Bc). We conclude that stitution of the C-terminal 5 aa sufficient to mediate
Neuron
316
Figure 3. Surface Expression of MycGluR2
and the C-terminal Truncated Mutants in Cul-
tured Hippocampal Neurons
(A±C) Immunostaining of neurons infected
with (A) MycGluR2, (B) MycGluR2D1-10, and
(C) MycGluR2D5-10. Living neurons were im-
munolabeled 24 hr postinfection with mono-
clonal anti-Myc Ab (green channel) to detect
surface-inserted receptors. After fixation and
permeabilization, polyclonal anti-Myc Ab (red
channel) was used to detect intracellulary ex-
pressed receptors. Asterisk in each insert
marks position from which the main image
was enlarged. Bar in (A) 5 10 mm. Images are
single confocal z planes, taken with the same
laser settings.
(D) The GluR2 C-terminal 5 aa are sufficient
for PDZ binding. GST protein alone (lane 1),
GST-R2C (lane 2), GST-R2CD1-10 (lane 3),
and GST-R2CD5-10 (lane 4) were bound to
glutathione agarose beads and incubated
with 35S-labeled ABP, GRIP, or PICK1 as indi-
cated.
(E) Quantitation of surface expression of con-
structs shown in (A)±(C). Bars: 1 5 MycGluR2,
2 5 MycGluR2D1-10, 3 5 MycGluR2D5-10.
(Ea) ASA, average surface area, corresponds
to a mean size of the surface cluster staining
for each construct. Analysis of variance (AN-
OVA): DF 5 2, mean square 5 345.8, F 5 71.1,
and p , 0.0001. Fisher's PLSD test: bars 1
versus 2, p , 0.0001; bars 2 versus 3, p ,
0.0001; and 1 versus 3, p 5 0.8. (Eb) Surface/
intracellular (S/I) ratio corresponds to the to-
tal area of the surface staining divided by total
area of intracellular staining, multiplied by
100. ANOVA: DF 5 2, mean square 5 2279.1,
F 5 50.2, and p , 0.0001. Fisher's PLSD test:
bars 1 versus 2, p , 0.0001; 2 versus 3, p ,
0.0001; and 1 versus 3, p 5 0.14.
binding of all three PDZ proteins (Figures 1A and 3D). Next, in order to quantitate the surface expression of
MycGluR2 and the C-terminal mutants, we comparedWe first tested the total expression of these constructs
and compared it to that of MycGluR2. The antibody- single confocal z plane images of infected cells stained
for surface-expressed receptors (green channel in Fig-staining protocol and confocal microscope settings were
kept the same for all scans, which allowed us to quantitate ure 3) and intracellularly localized receptors (red channel
in Figure 3). Using an image analysis program, the areasthe intracellular expression level of the receptors as a
mean value of the staining intensity per somatodendri- of the surface and intracellular staining were selected
and quantitated. From these calculations, we obtainedtic area (see Experimental Procedures). MycGluR2 and
the C-terminal mutants distributed equally well into dis- two measurements: (1) the average surface area (ASA)
per cluster was obtained as a mean value of the areastal dendrites of the infected neurons (data not shown).
Accordingly, quantitation of the staining showed about of the individual surface clusters; and (2) the ratio of
total surface staining area and the intracellular stainingthe same somatodendritic intracellular staining intensity
per area: MycGluR2, 111.6 6 2.0; MycGluR2D1-10, area multiplied by 100 (S/I ratio). As shown in Figure 3A,
the surface distribution of MycGluR2 detected in single108.9 6 5.2; and MycGluR2D5-10, 109.8 6 4.1 (mean 6
SEM). The equal level of expression per construct was confocal z planes occurred in synaptic-like clusters
along dendritic branches. When quantitated, the ASA ofconfirmed by Western blotting analysis from lysates
of MycGluR2 and MycGluR2D1-10 infected neurons the MycGluR2 surface clusters was 13.1 6 0.4 (pixels 6
SEM) and the S/I ratio was 20.0% 6 1.6% (6SEM) at(see Figure 4D input lanes at 12 and 24 hr postinfec-
tion). 24 hr postinfection (Figure 3E). In contrast, the truncated
Surface Trafficking of the GluR2 AMPA Receptor
317
Figure 4. Time-Dependent, Increased Sur-
face Accumulation of MycGluR2 Compared
to MycGluR2D1-10 Receptors in Cultured
Hippocampal Neurons
Immunostaining analysis of neurons infected
with MycGluR2 and MycGluR2D1-10 con-
structs. Selective surface versus intracellular
immunostaining (green and red channel, re-
spectively; same as in Figure 3) was done in
a time course of 9, 12, 18, and 24 hr after
infection.
(A) Examples of staining at 9 and 24 hr for
MycGluR2 (top 2 images) and MycGluR2D1-
10 (bottom 2 images).
(B) Time course of changes in S/I ratio. Myc-
GluR2, filled triangles; MycGluR2D1-10, open
circles. Fisher's PLSD test MycGluR2 versus
MycGluR2D1-10: 9 hr, p 5 0.23; 12 hr, p 5
0.17; 18 hr, p , 0.0001; 24 hr, p 5 , 0.0001.
(C) Time course of changes in ASA values.
MycGluR2, filled triangles; MycGluR2D1-10,
open circles. Fisher's PLSD test MycGluR2
versus MycGluR2D1-10: 9 hr, p 5 0.16; 12 hr,
p 5 0.02; 18 hr, p 5 0.0002; 24 hr, p , 0.0001.
(D) Immunoblot analysis of neurons infected
with MycGluR2 (lanes 1 and 3) or with Myc-
GluR2D1-10 (lanes 2 and 4). At 12 or 24 hr
postinfection (as indicated), surface proteins
of neurons were labeled with NHS-SS-biotin.
Cells were then washed, scraped, and triton
solubilized. The lysates were precipitated
with streptavidin-coated beads to isolate bio-
tinylated proteins. Top panel shows 10% of
the input used for the precipitations. Lane
5 shows control noninfected lysate. Western
blots with anti-Myc Ab of two independent
experiments were scanned and analyzed
by densitometry. The input level of Myc-
GluR2D1-10 as compared to MycGluR2 was
at 12 hr 111% and 83%, and at 24 hr 82%
and 96%, while the surface level was at 12
hr 89% and 94%, and at 24 hr 18% and 16%.
(E) Immunoblot analysis of neurons in-
fected with MycGluR2 (lanes 1 and 2), Myc-
GluR2D1-10 (lanes 3 and 4), or mock infected
(lanes 5 and 6). At 24 hr postinfection, surface
proteins were labeled with biotin as in (D).
After washing, the cells were either scraped
(lanes 1, 3, and 5) or returned for further 30
min incubation at 378C and then incubated
with glutathione-containing solution to re-
lease biotin from noninternalized surface pro-
teins (lanes 2, 4, and 6). The lysates from all
experiments were in the end precipitated by
streptavidin-coated beads. The rate of sur-
face internalization as measured by the ratio
between total and internalized protein de-
tected by anti-Myc Ab (lanes 1±4) or anti-
GluR2/3 Ab (lanes 5 and 6) from two indepen-
dent experiments was as follows: MycGluR2,
15% and 14%; MycGluR2D1-10, 53% and
48%; and endogenous GluR2/3 receptors,
23% and 18%.
MycGluR2D1-10 receptors were expressed on the cell the MycGluR2D5-10 construct, which can again bind to
ABP, GRIP, and PICK1. The surface expression of thesurface in significantly smaller puncta than those ob-
served for wild type (wt) MycGluR2 (Figures 3B and 3E; MycGluR2D5-10 receptors was comparable to Myc-
GluR2 levels (Figures 3C and 3E; ASA 5 12.9 6 0.7; S/IASA 5 6.8 6 0.3). There was also a strong, z6-fold
decrease in S/I ratio of MycGluR2D1-10 surface staining ratio 17.3% 6 1.4%). These data directly indicate that
the PDZ binding region of GluR2 is sufficient to promote(S/I ratio 3.4% 6 0.5%; Figure 3E). This finding suggests
that the C-terminal PDZ binding region of GluR2 is im- dendritic surface expression of the MycGluR2 re-
ceptors.portant for receptor accumulation at the plasma mem-
brane. This was confirmed by the expression pattern of The difference in the surface accumulation between
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MycGluR2 and MycGluR2D1-10 receptors may repre- were then washed and scraped in lysis buffer and all
sent either a decreased rate of trafficking to the cell lysates were precipitated with streptavidin-coated beads.
surface or an impaired surface stabilization. In order to As shown in Figure 4E, there was a large, z6 fold de-
distinguish between these two mechanisms, we first crease in the amount of biotinylated surface MycGluR2
examined the time course of surface accumulation of in the glutathione-stripped lysate, indicating that only a
the MycGluR2 and MycGluR2D1-10 receptors by two small fraction, about 15%, of MycGluR2 receptors was
independent methods: (1) by selective surface immuno- retained internally (Figure 4E, lanes 1 and 2; see figure
staining (9, 12, 18, and 24 hr postinfection) and (2) by legend for densitometric values from two independent
Western blotting of surface-expressed proteins isolated experiments). This result was similar to the one obtained
by biotinylation and streptavidin precipitation (12 and for endogenous GluR2/3 receptors from control unin-
24 hr postinfection). In these experiments, measure- fected cells, indicating that the internalization rate of
ments at early times primarily reflect the rate of initial MycGluR2 in primary cultures is the same as of endoge-
surface delivery. At 9 hr, live immunostaining showed nous AMPA receptors (Figure 4E, lanes 5 and 6). In
both the MycGluR2 and MycGluR2D1-10 receptors contrast, there was only a 2-fold decrease in the level of
present at the surface in puncta of similar size with biotinylated surface MycGluR2D1-10 in the glutathione-
similar S/I ratio (Figures 4A±4C). These data indicate stripped lysate, indicating that about 50% of Myc-
that the MycGluR2 and MycGluR2D1-10 receptors have GluR2D1-10 receptors were retained internally during
the same rate of surface delivery. When the remainder of the 30 min at 378C interval (Figure 4E, lanes 3 and 4).
the kinetic curve for surface expression was examined, it These data indicate that MycGluR2D1-10 mutant is ei-
was evident that the wt receptor accumulates strongly, ther internalized at a higher rate as compared to the wt
continuously increasing its levels over 24 hr, while the receptor or exhibits a deficit in reinsertion into the synaptic
C-terminally truncated mutant increases only gradually. membrane during the 30 min incubation through im-
In a parallel set of experiments, we also measured the paired local vesicular recycling, or both. The former ex-
levels of surface receptor by biotinylation of surface planation, an increased rate of endocytosis, was further
proteins. Neurons infected with either MycGluR2 or supported by an independent experiment employing a
MycGluR2D1-10 constructs were surface labeled with 10 min incubation in which the truncated receptor was
NHS-SS-biotin (Pierce; see Experimental Procedures) again detected internalized at much higher level com-
at 12 or 24 hr postinfection. Biotinylated proteins can pared to the MycGluR2 receptor (data not shown). How-
be precipitated with streptavidin-coated beads, allow- ever, without determining a more detailed time course
ing for selective isolation of surface proteins. As shown and exact rate of synaptic recycling of the GluR2 recep-
in Figure 4D, the total expression level of MycGluR2 and tors, we cannot rule out that both endo- as well as
MycGluR2D1-10 was approximately the same, both at exocytotic processes contribute to the decreased sur-
12 and 24 hr postinfection (compare the lanes of 10% face accumulation phenotype.
input). The surface expression of MycGluR2 and the
truncated mutant at 12 hr postinfection was also compa-
MycGluR2D1-10 Receptors Lacking therable, while at 24 hr MycGluR2 was 5.5-fold more surface
PDZ-Interaction Site Are Efficientlyexpressed as compared to MycGluR2D1-10 (Figure 4D;
Targeted to the Synaptic Surfacesee figure legend for densitometric values from two in-
To test the role of the GluR2 PDZ binding region in thedependent experiments). These data support the results
synaptic targeting, we examined the surface expressionfrom the kinetic experiment of live immunostaining
of MycGluR2D1-10 receptors at higher resolution as well(above) that MycGluR2D1-10 receptors are delivered to
as in comparison with endogenous synaptic proteins.the surface at the same rate as MycGluR2 but fail to
First, the surface versus intracellular expression of Myc-accumulate to a higher level.
GluR2D1-10 receptors was analyzed from a stack ofTo investigate further the effect of the truncation of
scans subjected to deconvolution to obtain a betterthe PDZ binding site on surface expression of the re-
representation of the surface puncta with regard to den-ceptor, we analyzed the surface turnover of MycGluR2
dritic spines (Figure 5A, compare to MycGluR2 in Figureand MycGluR2D1-10 in infected neurons. Based on our
2Ab). The small surface puncta of the truncated receptorresults from the time course experiments, we hypothe-
appeared to be mainly positioned at the tips of the spine-sized that MycGluR2D1-10 receptors may be less sur-
like structures, suggesting a synaptic localization. Next,face stable with a higher internalization rate as com-
MycGluR2D1-10 surface expression was compared topared to the MycGluR2. Two sets of dishes with
endogenous GluR1 surface staining. MycGluR2D1-10hippocampal primary neurons were infected with either
receptors were distributed in surface clusters that over-MycGluR2 or MycGluR2D1-10 constructs, and the sur-
lapped with GluR1 surface immunostaining, indicatingface proteins of neurons were labeled with NHS-SS-
expression at the surface membrane of glutamatergicbiotin 24 hr postinfection for 30 min at 48C. Next, cells
spines (Figure 5B). Finally, we examined the synapticwere washed and one dish of MycGluR2 and Myc-
localization of the surface MycGluR2D1-10 receptorsGluR2D1-10 infected neurons was scraped in lysis buffer
by double labeling with antibody to the presynapticallyto obtain the total surface-expressed protein. The sec-
expressed vesicle protein synaptophysin. When the twoond set of dishes was returned to 378C temperature,
immunostainings were superimposed in one projection,which restores normal turnover of surface proteins for
MycGluR2D1-10 surface clusters in most cases colocal-an additional 30 min. After this interval, these neurons
ized with the synaptophysin labeling (Figure 5C). Quanti-were incubated with 0.5 mM glutathione-containing so-
tation of the MycGluR2D1-10 and synaptophysin colo-lution which releases NHS-SS-biotin from its binding
calization showed comparable values to colocalizationto surface proteins by cleaving the disulphide linkage
of MycGluR2 and synaptophysin: 84.6% 6 1.5% and(Bretscher and Lutter, 1988). Thus, only surface proteins
90.5% 6 2.0%, respectively (6 SEM, see Experimentalthat were internalized during the 30 min at 378C period
were also protected from the glutathione stripping. Cells Procedures). Taken together, these measurements show
Surface Trafficking of the GluR2 AMPA Receptor
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Figure 5. Synaptic Targeting of MycGluR2D1-10 Receptors in Cultured Hippocampal Neurons
(A) Immunostaining of neurons infected with MycGluR2D1-10 construct. Twenty-four hours postinfection, cells were immunolabeled for surface
and intracellular MycGluR2D1-10 receptors (green and red channel, respectively; same protocol as for MycGluR2 in Figure 2A). Arrows point
to examples of spine-like structures with MycGluR2D1-10 surface labeling.
(B) Immunostaining of neurons infected as in (A). Living cells were stained with anti-Myc Ab to detect surface MycGluR2D1-10 receptors
(green channel, [a]) and anti-GluR1 Ab to detect surface endogenous GluR1 receptors (red channel, [b]). Overlay of the two channels is shown
in (Bc). Arrows point to examples of surface colocalization of MycGluR2D1-10 and GluR1.
(C) Immunostaining of neurons infected as in (A). Living cells were stained with anti-Myc Ab to detect surface MycGluR2D1-10 receptors
(green channel, [a]). After fixation, the cells were stained with anti-synaptophysin Ab to label presynaptic terminals (red channel, [b]). Projection
of the combined channels is shown in (Cc). Arrows point to examples of colocalization of MycGluR2D1-10 surface clusters and synaptophysin-
labeled terminals. (A±C) Images are projections of a stack of 0.08 mm separated confocal z sections. Images in (A) and (C) were processed
by deconvolution (see Experimental Procedures).
that MycGluR2D1-10 receptors were capable of synap- mutants may be capable of synaptic targeting by mech-
anisms independent of the PDZ binding. If the lattertic targeting.
Data presented to this point do not establish the con- scenario were true, we should be able to detect mostly
homomeric surface-expressed MycGluR2D1-10 recep-tributions made by endogenous AMPA receptor subunits
to the MycGluR2D1-10 surface expression phenotype. tors, as only a small fraction of the virally expressed
subunits are incorporated in complexes with endoge-Two scenarios can be imagined to explain the de-
creased yet synaptic surface expression. In one, the nous GluR subunits (see below). In order to distinguish
between these two possibilities, we analyzed the sub-truncation of the PDZ binding region results in a loss of
the ability to be targeted and/or inserted as homomeric unit composition of surface-inserted MycGluR2D1-10
receptors with respect to assembly with endogenousMycGluR2D1-10 channels at the surface in hippocampal
neurons. If this were the case, surface MycGluR2D1-10 AMPA receptor subunits. In this experiment, cells were
biotinylated 24 hr postinfection and solubilized in 1%subunits would have to be preferentially in receptor
complexes with endogenous AMPA receptor subunits. triton buffer which readily extracts AMPA receptors in
cultured hippocampal neurons (Allison et al., 1998; ,1%On the other hand, the effects of the PDZ truncation
may reflect primarily a dependence of the surface stabili- of MycGluR2D1-10 receptors were present in triton in-
soluble fraction; data not shown). After solubilization,zation of the receptors on PDZ interactions, and the
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same as of homomeric MycGluR2D1-10 receptors (com-
pare lane 7b and 7, respectively; see figure legend for
densitometric values from two independent experi-
ments). These data indicate that the incorporation with
endogenous GluR subunits does not result in preferen-
tial delivery to the surface of infected neurons. Taken
together with the data of synaptic localization of the
MycGluR2D1-10 receptors, our results show that the
loss of binding with ABP, GRIP, and PICK1 does not
interfere with synaptic localization of homomeric Myc-
GluR2D1-10 receptors.
The Surface Accumulation of the MycGluR2
Receptors Is Mediated by Interaction
with ABP/GRIP Rather Than PICK1
From our earlier studies using alanine-scanning muta-
genesis to map important residues for binding of GluR2
interacting proteins, we identified a sequence that can
Figure 6. Evidence for Homomeric Surface-Expressed Myc- differentiate between ABP/GRIP versus PICK1 interac-
GluR2D1-10 Receptors in Hippocampal Neurons tion. As shown in Figure 7A, substitution of Ser in posi-
Western blot of neurons infected with MycGluR2D1-10 (lanes 1, 3, tion 24 for Ala, yielding the mutant GluR2 sequence
5, and 7) or mock infected (lanes 2, 4, 6, and 8). Twenty-four hours EAVKI, results in a loss of ABP binding and a strong
postinfection, surface proteins of living neurons were labeled with
decrease in GRIP binding, while the binding of PICK1NHS-SS-biotin. Cells were then washed, scraped, and solubilized.
remains at wt level (Figure 7A, compare lanes 2 and 3).The lysates were divided into two equal aliquots, and the first aliquot
In addition, we constructed another GluR2 C-terminalwas precipitated with anti-GluR1 Ab (IP-R1, lanes 3 and 4), followed
point mutant, substitution of the last residue Ile for Glu,by anti-GluR2/3 combined with anti-GluR4 Ab (IP-R2/3 1 R4, lanes 5
and 6), followed by pulldown with streptavidin-coated beads (strept., termed MycGluR2(ESVKE). This substitution, as was
lanes 7 and 8). The second aliquot was twice mock immunoprecipi- previously reported, results in a complete loss of binding
tated with unrelated Ab (lanes 3b±6b), followed by streptavidin pull- to ABP, GRIP, as well as PICK1 in vitro (Figure 7A, lane
down (lanes 7b±8b). Antibody used for Western blotting is indicated 4; Li et al., 1999). When we tested the expression of the
on the left of each panel. Lanes 1 and 2 show 10% of the input MycGluR2(EAVKI) and MycGluR2(ESVKE) constructs in
used for the precipitations. Homomeric MycGluR2D1-10 is detected
hippocampal neurons, we found that 24 hr postinfectionin the fraction of surface biotinylated proteins that does not contain
the surface levels of the MycGluR2(EAVKI) as well asendogenous GluR subunit (lane 7, anti-Myc Ab Western blot). Total
MycGluR2(ESVKE) receptors were decreased to ap-surface MycGluR2D1-10 is shown in lane 7b, anti-Myc Ab Western
proximately the same level as for the MycGluR2D1-10blot. The densitometric values from two independent experiments
were as follows: MycGluR2D1-10 coprecipitated with GluR1, 4.7% receptors (Figures 7B and 7C). Thus, apparently the
and 3.6%; MycGluR2D1-10 coprecipitated with GluR2/3 and R4 sub- same phenotype of decreased surface expression can
units, 4.3% and 3.6%; homomeric surface MycGluR2D1-10, 4.4% be attributed to the loss of either ABP/GRIP or ABP/
and 3.4%; and total surface MycGluR2D1-10, 4.7% and 3.7% of GRIP and PICK1 binding. These data suggest that in
total MycGluR2D1-10. hippocampal neurons, surface accumulation of Myc-
GluR2 receptors is mediated by interaction with ABP
and/or GRIP proteins and not with PICK1.extracts from MycGluR2D1-10 or mock-infected neu-
rons were divided into two aliquots. The first aliquot was
Discussionimmunoprecipitated with anti-GluR1 Ab, followed by
anti-GluR2/3 1 anti-GluR4 Ab for quantitative precipita-
tion of all endogenous GluR subunits, followed by strep- Recent evidence shows that changes in the synap-
tic abundance of AMPA receptors may regulate thetavidin precipitation (Figure 6, lanes 3 and 4, 5 and 6,
and 7 and 8, respectively; note that the GluR2 epitope of strength of excitatory synaptic transmission (reviewed
in Malenka and Nicoll, 1997; Malinow, 1998). The findinganti-GluR2/3 Ab is deleted in MycGluR2D1-10). Western
blot analysis of this experiment showed that 4% of total that AMPA receptors get transported to previously ªsi-
lentº synapses suggests that mechanisms that controlMycGluR2D10 receptors can be coprecipitated with
GluR1, while an additional 3% can be coprecipitated receptor trafficking to the synapse may regulate synap-
tic strength. While general pathways of integral mem-with GluR2/3 1 4 subunits. Similar data were obtained
when we analyzed coprecipitation of MycGluR2 with brane protein trafficking have been extensively investi-
gated, the mechanisms of ionotropic glutamate receptorendogenous GluR1, confirming that the subunit assem-
bly is not altered by the C-terminal truncation (5% of trafficking have only recently received attention. As one
aspect of this trafficking, it has been proposed that PDZtotal MycGluR2 was in complex with endogenous GluR1;
data not shown). Analysis of the streptavidin pulldown proteins partake in the surface localization of glutamate
receptors by anchoring the receptors to cytoskeletalfrom the lysate lacking GluR1, R2/3, and R4 subunits
showed that 4% of the total MycGluR2D1-10 subunits proteins and/or clustering receptors into subclass-spe-
cific spatial domains (Kornau et al., 1997; Ziff, 1997;was expressed at the surface as homomeric receptors
(Figure 6, lane 7). In parallel, the second aliquot of the Craven and Bredt, 1998; Hsueh and Sheng, 1998;
O'Brien et al., 1998). We have analyzed the role of theinitial lysate was twice mock-precipitated with unrelated
Ab (Figure 6, lanes 3b±6b), followed by streptavidin pre- C-terminal PDZ binding region of GluR2 in the synaptic
targeting and surface expression of MycGluR2 AMPAcipitation. As shown in Figure 6, lane 7b, the amount of
total surface MycGluR2D1-10 was approximately the receptors. We demonstrated that the C-terminal PDZ
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Figure 7. GRIP/ABP but Not PICK1 Interac-
tion Is Required for Surface Accumulation
of MycGluR2 Receptors in Hippocampal
Neurons
(A) Substitution of Ser into Ala in position 24
of the GluR2 C terminus inhibits in vitro bind-
ing of ABP and GRIP but not PICK1. GST
protein alone (lane 1, CTR), GST-R2C (lane
2), GST-R2C(EAVKI) (lane 3), and GST-
R2C(ESVKE) (lane 4) were bound to glutathi-
one agarose beads and incubated with 35S-
labeled ABP, GRIP, or PICK1.
(B) Immunostaining of neurons infected with
MycGluR2(EAVKI). Twenty-four hours postin-
fection, surface versus intracellular immuno-
staining (green and red channel, respectively)
was done as in Figure 3. Asterisk in the insert
marks position from which the main image
was enlarged. Bar 5 10 mm. Image is a single
confocal z plane.
(C) Quantitation of surface expression of
the constructs: 1 5 MycGluR2, 2 5 Myc-
GluR2D1-10, 3 5 MycGluR2(EAVKI), and 4 5
MycGluR2(ESVKE). (Ca) ASA, average surface
area, is a mean size of the surface cluster stain-
ing for each construct. ANOVA: DF 5 3, mean
square 5 147.4, F 5 112.9, and p , 0.0001.
Fisher's PLSD test: bars 1 versus 2, p ,
0.0001; 1 versus 3, p , 0.0001; 1 versus 4,
p , 0.0001; 2 versus 3, p 5 0.25; 2 versus 4,
p 5 0.12; and 3 versus 4, p 5 0.7. (Cb) S/I
ratio is the total area of the surface staining
divided by the total area of intracellular stain-
ing, multiplied by 100. ANOVA: DF 5 3, mean
square 5 698.9, F 5 47.7, and p , 0.000.1.
Fisher's PLSD test: bars 1 versus 2, p ,
0.0001; 1 versus 3, p , 0.0001; 1 versus 4,
p , 0.0001; 2 versus 3, p 5 0.9; 2 versus 4,
p 5 0.7; and 3 versus 4, p 5 0.8.
(D) Model for synaptic targeting and insertion of AMPA receptors. (1) AMPA receptor (schematically drawn with only one GluR2 C terminus;
red end corresponds to the PDZ binding region) is targeted in a transport vesicle toward insertion at the synaptic plasma membrane by a yet
to be identified membrane-fusion mechanism that does not require PDZ-mediated interactions. (2) After synaptic insertion, the receptor
recruits stabilizing mechanism mediated by the PDZ binding site, likely interacting with ABP or GRIP but not PICK1, which clusters and/or
anchors the receptor at the postsynaptic membrane. ABP/GRIP is schematically drawn as a black oval positioned at the synaptic plasma
membrane (see text for possible role of ABP/GRIP binding in reinsertion during synaptic vesicular recycling of the GluR2 receptor).
binding motif is required for time-dependent surface vitro, results in a decrease of surface expression of the
MycGluR2(ESVKE) receptors comparable to that of theaccumulation of the GluR2 receptors at the synaptic
surface and that synaptic targeting of the receptors MycGluR2D1-10 receptors. In parallel experiments, we
determined that the GluR2 C-terminal 5 aa are sufficientcan occur independantly of PDZ-mediated binding. We
propose that binding of a PDZ protein, ABP, and/or to mediate binding of either ABP, GRIP, or PICK1 in
vitro. We then showed that the addition of the C-terminalGRIP, but not PICK1, mediates accunulation of the
AMPA receptors at the synaptic surface by regulating 5 aa to the MycGluR2D1-10 sequence, creating the Myc-
GluR2D5-10 construct, is sufficient to restore the sur-their local synaptic turnover, possibly by limiting their
endocytotic rate (see below). face expression in neurons to the wt MycGluR2 level.
Based on this, we infer that the ability of the GluR2 C
terminus to interact with PDZ proteins is directly corre-The PDZ Binding Region of the GluR2 C Terminus
lated with the ability of the receptor to accumulate atMediates Accumulation of the Receptors at the
the surface plasma membrane in hippocampal neurons.Synaptic Surface of Hippocampal Neurons
This finding agrees with the result reported by Dong andWe have expressed MycGluR2 subunits in cultured hip-
colleagues, who showed that expression of the 50 aapocampal neurons and observed the effects of C-termi-
GluR2 C-terminal peptide in hippocampal neurons dis-nal mutations on receptor trafficking. We show that the
rupts surface localization of the endogenous AMPA re-level of surface expression of the MycGluR2D1-10 re-
ceptors and that this effect is abolished by deleting theceptors, which lack the PDZ binding region, is de-
C-terminal 7 aa from the peptide (Dong et al., 1997).creased by z6-fold as compared to MycGluR2 recep-
We have also compared the kinetics of surface ex-tors, 24 hr postinfection in neurons. These results are
pression of MycGluR2 and MycGluR2D1-10 receptorsnot due to a difference in the total expression levels of
over a time course of 9, 12, 18, and 24 hr, as measuredwt and truncated receptors. Moreover, we show that a
either by live surface immunostaining or by Westernsingle mutation of the last C-terminal residue (I883E),
which also blocks binding of ABP, GRIP, and PICK1 in blotting of surface-biotinylated proteins. We have found
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that while there is no significant difference in the surface The Role of ABP/GRIP Binding Versus PICK1
in Mediating the Surface Stabilizationexpression initially, during the rest of the kinetic curve,
the wt MycGluR2 accumulates at the surface at pro- of the MycGluR2 Receptors
All three PDZ proteins, ABP, GRIP, and PICK1, weregressively higher levels compared to MycGluR2D1-10,
reaching z6 fold higher surface expression 24 hr postin- reported to be present at excitatory synapses, and thus,
each could contribute to the regulation of the surfacefection. The most straightforward interpretation of the
time-dependent increase in surface accumulation of accumulation of MycGluR2 (Srivastava et al., 1998; Dong
et al., 1999; Wyszynski et al., 1999; Xia et al., 1999).MycGluR2 relative to the mutant is that the PDZ binding
motif is required for retention of the receptors at the A striking finding of the current work is that substitu-
tion Ser-880 to Ala in mutant MycGluR2(EAVKI) de-membrane. This model was further supported by the
findings that the MycGluR2D1-10 receptors were de- creased AMPA receptor accumulation the same extent
as truncating the C terminus by a 10 aa deletion. Wetected to be internalized at higher levels, either during
10 min or 30 min interval, as compared to MycGluR2 also show that the S880A mutation blocks binding in
vitro of the GluR2 C terminus to ABP and GRIP but thatreceptors. Based on these results, we propose that the
GluR2-interacting PDZ proteins anchor or retain the re- binding to PICK1 is not affected. This reinforces the
previous conclusion that AMPA receptor interactionsceptors at the synaptic plasma membrane after delivery
to the surface. However, without a detailed study of local with ABP or GRIP contribute to receptor accumulation
and indicates that interaction with PICK1 is not requiredsynaptic recycling, we cannot exclude an additional role
of the GluR2-PDZ protein interactions in synaptic rein- for the accumulation. These results can be correlated
with recent work by Li and colleagues, who studiedsertion after endocytosis.
serotonin (5-HT)-triggered facilitation of AMPA recep-
tor-mediated synaptic transmission in dorsal horn neu-Synaptic Targeting/Insertion and Synaptic
rons (Li et al., 1999). This facilitation involves activationMembrane-Stabilization of the MycGluR2
of silent synapses, presumably by recruitment of AMPAReceptors Constitute Two Independent
receptors to the synaptic membrane, and can beTrafficking Mechanisms
blocked by postsynaptic infusion of a peptide derivedThe interaction between Discs-large (Dlg, Drosophila
from the last 10 aa of the GluR2 C terminus (Li et al.,homolog of PSD-95) and the C terminus of Shaker K1
1999; see also Li and Zhuo, 1998). Moreover, mutationchannels has been shown to underlie synaptic targeting
of the GluR2 C terminus peptide at Ser-880 to Glu de-of Shaker K1 channels at the neuromuscular junction
prived the C-terminal peptide of its ability to block the(Tejedor et al., 1997; Zito et al., 1997). Based on these
facilitation (Li et al., 1999). Thus, the 5-HT induced facili-experiments, it was suggested that PSD-95 and other
tation of the AMPA current in this system may dependPDZ proteins may also target appropriate glutamate re-
upon ABP or GRIP regulation of GluR2 surface accumu-ceptors to the synaptic membrane. In the current study,
lation, as suggested in the current study. Recently,we show that MycGluR2D1-10 subunits, which lack the
Matsuda and colleagues have shown that Ser-880 isPDZ binding C-terminal region, are capable of being
phosphorylated by protein kinase C and that the phos-targeted to synaptic sites. This was demonstrated by
phorylated form of the receptor does not bind to GRIPsurface colocalization of MycGluR2D1-10 receptors with
(Matsuda et al., 1999). This suggests that PKC-depen-endogenous GluR1 AMPA receptors and surface Myc-
dent phosphorylation of Ser-880 may disrupt the ABP/GluR2D1-10 receptors with synaptophysin-labeled pre-
GRIP interaction with GluR2 in vivo and differentiatesynaptic terminals. Moreover, we present data showing
between ABP/GRIP and PICK1 binding.that most of the surface-expressed MycGluR2D1-10
subunits are exogenous homomeric receptors, and thus,
the incorporation with endogenous GluR subunits is not Multiple Functional Motifs at the GluR2 C Terminus
The GluR2 C terminus associates, through its juxtamem-obligatory for synaptic surface targeting of the truncated
receptors. In a model presented in Figure 7, the process brane region, with the ATPase NSF (Nishimune et al.,
1998; Osten et al., 1998; Song et al., 1998). Block of NSFof synaptic surface targeting involves steps of targeted
docking and fusion between the AMPA receptor-traf- function by competitive peptides or antisera reduces
AMPA receptor abundance at synapses and leads to aficking vesicle and the synaptic plasma membrane. A
not yet identified membrane fusion apparatus would rundown of AMPA receptor currents (Nishimune et al.,
1998; Song et al., 1998; Luscher et al., 1999; Luthi et al.,mediate these processes. Our results indicate that re-
ceptors consisting of homomers of GluR2 subunits con- 1999; Noel et al., 1999). This demonstrates that the NSF
binding region is a functional domain of the C terminustaining a mutant PDZ interaction site are capable of
being targeted to synapses. However, these data do not involved in receptor trafficking and/or stabilization at
the synapse. When considered together with the presentcompletely exclude a role of PDZ interactions in receptor
synaptic transport and targeting. For example, it re- study implicating the PDZ binding region in synaptic
accumulation of AMPA receptors, it appears that themains possible that the homomeric mutant exogenous
receptors are cotransported to the synapse together C-terminal domain makes multiple interactions with the
trafficking or stabilization machinery.in vesicles with endogenous receptors by mechanisms
involving endogenous receptor PDZ binding motifs. Our approach using heterologous Sindbis virus-driven
expression allowed us to study mainly homomeric Myc-After surface insertion, in our model, the receptor is
stabilized at the synaptic membrane by ABP/GRIP- GluR2 channels, likely due to a higher expression rate
of exogenous relative to endogenous subunits. Thus,mediated interactions with the GluR2 C terminus (sche-
matic model, Figure 7D). Surface stabilization would be we were able to dissect the contributions of the GluR2
subunit to the trafficking of AMPA receptors. GluR1,a property of the individual receptor and would be dic-
tated by PDZ-dependent interactions that are disrupted which is the major GluR2 interacting subunit in vivo, was
shown to be coprecipitated with PDZ protein PSD-97in the mutant MycGluR2D1-10.
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used for IPs: each IP at a protein concentration 1.0 mg/ml, 300(Leonard et al., 1998). This interaction may play a simi-
ml volume. GluR precipitations: 4 mg anti-GluR1 Ab (O/N; AB1504,lar, complementary role to GRIP/ABP binding either in
Chemicon), 2 mg anti-GluR2/3 Ab 1 2 mg anti-GluR4 Ab (10 hr;GluR1-GluR2-containing AMPA receptors or in channels
AB1506, AB1508, Chemicon). Mock precipitations: 4 mg anti-GFPthat lack the GluR2 subunit as was described for Ca21-
Ab (O/N; sc-8334, Santa Cruz), 4 mg anti-HA Ab (10 hr; sc-805, Santa
permeable AMPA receptors expressed mainly in in- Cruz). The supernatants were then twice precipitated with 20 ml
terneurons (Geiger et al., 1995). ImmunoPure Immobilized Streptavidin beaded agarose (Pierce) for
4 hr and O/N at 4&z.ousco;C, and the streptavidine precipitates
Experimental Procedures were combined. The immunoprecipitates were collected on protein
A agarose (Santa Cruz), and all precipitates were eluted in 23 SDS
Expression Vectors buffer. SDS±PAGE and Western blotting was done as described
GluR2 cDNA (gift of J. Boulter and S. Heinemann) was subcloned (Osten et al., 1998).
into pcDNA3 vector (Invitrogen) by Not I±Xho I sites. The c-Myc To estimate the internalization rate of MycGluR2 and Myc-
epitope EQKLISEEDL was inserted by PCR strategy in position 1 GluR2D1-10 receptors, neurons were infected in 6 cm dishes and
residue past the predicted signal sequence, between V22 and S23. biotinylated at 48C for 30 min as described above. One dish for each
All PCR-generated sequences, including the C-terminal mutations, construct was then immediately washed and scraped in lysis buffer
were confirmed by sequencing. For recloning into pSinRep5 vector (total surface expression) while a second dish was washed and
(Invitrogen), MycGluR2 constructs were excised from pcDNA3 vec- returned for 30 min or 10 min at 378C. After this period, NHS-SS-
tor by HinDIII±XhoI digest, blunted, ligated with Xba1 linkers (Bio- biotin bound to noninternalized surface proteins was stripped by
labs), and cloned into Xba1 site of pSinRep5 plasmid. For GST 0.5 mM glutathione solution as described (Bretscher and Lutter,
constructs, GluR2 C-terminal fragment (aa 834±883) was subcloned 1988). The cells were then washed and lysed. The lysates were
in frame into BamH I±Xho I sites of pGEX4T-1 vector (Pharmacia). precipitated with streptavidin-agarose as described above. As a
control for efficiency of the glutathione stripping, one dish, after 30
Hippocampal Primary Cultures min biotinylation, was incubated additional 30 min at 48C (mock
Hippocampal primary neurons were prepared from E18 SD rat tissue internalization period), followed by 0.5 mM glutathione stripping.
as described (Osten et al., 1998), plated at a density of 8400 cells/ Under these conditions, streptavidin precipitation detected only
cm2 and maintained in Neurobasal medium with B27 (NB-B27; about 1% of total surface biotinylation remaining as a nonstripped
GIBCO±BRL; Brewer et al., 1993). Live immunostaining: monoclonal background surface expression.
anti-Myc Ab (4 mg/ml; 9E10, Santa Cruz); anti-GluR2 N terminus Ab
(4 mg/ml; MAB397, Chemicon); or anti-GluR1 N terminus Ab (4 mg/
HEK-293 Cultureml; Calbiochem) were diluted in conditioned NB-B27 medium and
HEK-293 cells were transfected by calcium phosphate method. Cellsincubated with the cells at 378C for 30 min. Cells were then quickly
were immunostained or used for electrophysiology 24±36 hr later.washed, fixed, permeabilized, and immunostained as described (Os-
Live staining was done at 108C for 45 min, fixation was done withten et al., 1998). Fixed immunostaining: polyclonal anti-Myc Ab (0.2
100% methanol at RT for 5 min; surface staining: anti-GluR2 N
mg/ml; A14, Santa Cruz); anti-GluR1 Ab (1 mg/ml; AB1504, Chemi-
terminus Ab (4 mg/ml; MAB397, Chemicon); immunoprecipitations:con); anti-synaptophysin Ab (1:300; 18-0130, Zymed); and second-
2 mg anti-GluR1 Ab (AB1504, Chemicon); Western blotting Ab: anti-ary Ab Texas red- or FITC-conjugated IgGs (1:200; 711-075-152 and
GluR1 and anti-GluR2 Ab (1 mg/ml AB1504 and 1 mg/ml AB1768,711-175-152, Jackson ImmunoResearch). Immunostaining controls:
Chemicon); electrophysiology: glutamate (1000 mM, 100 ms) and(1) specificity of primary antibodies was tested on WB; (2) live stain-
kainate (300 mM, 100 ms) were fast applied to examine the kineticsing with anti-GluR2 C terminus Ab (4 mg/ml; AB1768, Chemicon)
of agonist induced whole-cell currents in lifted cells. Kainate wasshowed no signal; (3) live anti-Myc Ab immunostaining at 108C for
also continuously perfused to investigate I±V relationships gener-45 min instead of at 378C for 30 min (to limit possible endocytosis
ated by voltage ramps.of Myc Ab) showed comparable results (n 5 7 cells, ASA 5 9.93 6
0.37 pixels); however, 108C incubation resulted in morphological
GST Precipitationsdegeneration of neurites (beading), and we therefore routinely used
GST-fusion proteins were expressed and purified as described (Os-incubation at 378C for 30 min; (4) secondary Ab incubated in the
ten et al., 1998). GST, GST-R2C, or GST-R2C mutants (10 mg each)absence of primary Ab showed no signal.
bound on Glutathione Sepharose (Pharmacia) were incubated with
in vitro translated ABP (ABP-L 7 PDZ form), GRIP, or PICK1 (TNTSindbis Virus Infections
Coupled Reticulocyte Translation System; Promega) at concentra-BHK cells were electroporated with RNA of pSinRep5±MycGluR2
tion of 5 ml per 500 ml of 25 mM HEPES (pH 7.4), 1% triton X-100,or the C-terminal mutants and the helper DH(26S) according to
and 150 mM NaCl buffer.Sindbis Expression System manual (Invitrogen). The pseudovirions-
containing medium was collected after 24 hr, and the titer for each
construct was tested empirically in neuronal cultures. For experi- Immunostaining Data Analysis
All images were acquired on Nikon PCM 2000 Laser Scanning Per-mental expression, neurons were infected at 14±21 DIV with titer
resulting in infection of 5%±10% of neurons (typically 5±20 ml of sonal Confocal Microscope using Simple32 C-Imaging 1280 Image
Analysis System or on Leica TCS NT confocal microscope usinga-MEM virus stock diluted in 600 ml conditioned NB-B27 medium
per 1 well of 6-well dish). The infectious medium was applied for 1 TCS-NT software. The exposure setting and gain of laser settings
were kept the same for each type of staining: HEK-293 cells, cyto-hr, after which the cultures were refed with conditioned NB-B27
medium. Expression with no obvious adverse effects on morphology solic, and surface staining in neurons. To analyze the intensity of
the cytosolic staining of infected neurons (n 5 6 per each construct),of the infected neurons was observed for up to 3 days postinfection.
For immunoprecipitation (IP) experiments, neurons were cultured the average color intensity was calculated from distribution of pixel
intensity values. The ASA and S/I values of anti-Myc staining inat 1 million cells per 6 cm dish and infected at 14 DIV with 60±100
ml of virus stock in 1.2 ml of conditioned NB-B27 medium for 1 hr. neurons was analyzed by the following approach: both the surface
and intracellular staining were selected from background staining
by midrange intensity threshold (125 from range 0±255); the totalSurface Biotinylation, Precipitations,
and Glutathione Stripping surface and intracellular area (number of pixels in an object) and
the total number of surface clusters (object count) were obtainedTwenty-four hours postinfection, hippocampal neurons were
washed three times with PBS (pH 8.0), incubated with NHS-SS- by Simple32 object measurements; the mean values (ASA), the S/I
ratios, and the statistical comparisons were obtained with Statviewbiotin (Pierce) 1 mM in PBS for 10 min at 378C or for 30 min at 48C,
washed four times with PBS, and scraped in buffer containing 25 4.5. The area of 10 pixels corresponds to 0.8 mm2. Quantitation of
surface expression for each construct were based on at least twomM HEPES (pH 8.0), 150 mM NaCl, 1% Triton X-100, and a mix of
protease inhibitors (1836153, Boehringer). The lysate was incubated platings of neurons, n of scans 5 12 per each experiment. To mea-
sure the overlap between MycGluR2 or MycGluR2D1-10 surface20 min at 48C and spun 13,000 rpm for 10 min. The supernatant was
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clusters and synaptophysin-labeled terminals, the puncta of surface mRNAs determines gating and Ca21 permeability of AMPA recep-
tors in principal neurons and interneurons in rat CNS. Neuron 15,clusters were first identified by midrange intensity background sub-
traction (above). The clusters were counted and than superimposed 193±204.
with synaptophysin staining. Positive colocalization was scored as Green, W.N., and Millar, N.S. (1995). Ion-channel assembly. Trends
a direct contact between a surface-cluster object and a synaptophy- Neurosci. 18, 280±287.
sin-positive object (2 platings, n of scans 5 7). For resolution en-
Hollmann, M., and Heinemann, S. (1994). Cloned glutamate recep-
hancement and removal of noise, confocal 3D image stacks (simulta-
tors. Annu. Rev. Neurosci. 17, 31±108.
neous scan of green and red fluorescence) were recorded on a
Hollmann, M., Maron, C., and Heinemann, S. (1994). N-glycosylationLeica TCS-NT confocal microscope at a resolution voxelsize of 0.086
site tagging suggests a three transmembrane domain topology formm, 0.086 mm, and 0.081 mm in x, y, and z direction, respectively,
the glutamate receptor GluR1. Neuron 13, 1331±1343.and subsequently were deconvolved with the Huygens 2 software
(version 2.1.8p2-64; SVI, Hilversum, The Netherlands). After channel Hsueh, Y.P., and Sheng, M. (1998). Anchoring of glutamate receptors
separation of the original two-channel fluorescence image stacks, at the synapse. Prog. Brain Res. 116, 123±131.
manual estimation of the signal-to-noise (S/N) ratio was done for Kornau, H.C., Seeburg, P.H., and Kennedy, M.B. (1997). Interaction
each single-channel stack according to the manufacturer's instruc- of ion channels and receptors with PDZ domain proteins. Curr. Opin.
tions. Deconvolution using the maximum likelihood estimation (MLE) Neurobiol. 7, 368±373.
algorithm was performed with the following settings: calculation of
Leonard, A.S., Davare, M.A., Horne, M.C., Garner, C.C., and Hell,
the theoretical point spread function from the recording parameters;
J.W. (1998). SAP97 is associated with the alpha-amino-3-hydroxy-
manual S/N ratio estimate (see above); high-quality deconvolution
5-methylisoxazole-4- propionic acid receptor GluR1 subunit. J. Biol.
mode; general background estimated by the software (mode: low-
Chem. 273, 19518±19524.
est); maximum of 40 iterations or quality factor of 0.001 (whatever
Li, P., and Zhuo, M. (1998). Silent glutamatergic synapses and noci-applied first).
ception in mammalian spinal cord. Nature 393, 695±698.
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